Histone H1 is an abundant and essential component of chromatin whose precise role in regulating gene expression is poorly understood. Here, we report that a major target of H1-mediated regulation in embryonic stem (ES) cells is the X-linked Rhox homeobox gene cluster. To address the underlying mechanism, we examined the founding member of the Rhox gene cluster-Rhox5-and found that its distal promoter (Pd) loses H1, undergoes demethylation, and is transcriptionally activated in response to loss of H1 genes in ES cells. Demethylation of the Pd is required for its transcriptional induction and we identified a single cytosine in the Pd that, when methylated, is sufficient to inhibit Pd transcription. Methylation of this single cytosine prevents the Pd from binding GA-binding protein (GABP), a transcription factor essential for Pd transcription. Thus, H1 silences Rhox5 transcription by promoting methylation of one of its promoters, a mechanism likely to extend to other H1-regulated Rhox genes, based on analysis of ES cells lacking DNA methyltransferases. The Rhox cluster genes targeted for H1-mediated transcriptional repression are also subject to another DNA methylation-regulated process: Xp imprinting. Remarkably, we found that only H1-regulated Rhox genes are imprinted, not those immune to H1-mediated repression. Together, our results indicate that the Rhox gene cluster is a major target of H1-mediated transcriptional repression in ES cells and that H1 is a candidate to have a role in Xp imprinting.
Epigenetic mechanisms tightly control gene expression to regulate a wide variety of events, including placental function, embryonic growth, tissue differentiation, and tissue remodeling (2) . The only known epigenetic modification of DNA in mammals is methylation (11) . DNA methylation plays a key role in many gene silencing events, including X-chromosome inactivation, genomic imprinting, and silencing of retrotransposons and heterochromatin (2, 50) . DNA methylation also has the potential to be responsible for dictating the cell type-specific and developmentally regulated pattern of expression of some genes, but this possibility has remained largely unproven. Most of the evidence that DNA methylation represses gene transcription in particular cell types, tissues, and developmental stages comes from descriptive analysis of DNA methylation patterns in vivo. When cause-and-effect studies have been performed, they have typically been performed in cell lines that do not fully correspond to normal cells and are sometimes grown under conditions that favor aberrant methylation or demethylation. Furthermore, the cell lines used in most studies are immortalized or malignant, and thus they rely on aberrant gene regulation to maintain their growth.
Despite the uncertainty as to whether DNA methylation has a significant role in controlling the tissue-and cell type-specific transcription of genes in mammals, it is clear that DNA methylation has important roles during embryonic mammalian development. Studies of mice lacking DNA methyltransferases (DNMTs) have provided evidence that genome-wide loss of DNA methylation during early vertebrate development allows the blastocyst to acquire access to a full complement of genes so as to maintain totipotency (37) . There are three principal enzymes that are responsible for catalyzing DNA methylation in mammals. DNMT1 is responsible for maintaining the pattern of DNA methylation after DNA replication; its loss leads to embryonic lethality in all vertebrates examined to date, including mice (27) . DNMT3A and DNMT3B are responsible for the de novo DNA methylation of specific genes in embryonic stem (ES) cells, trophoblast tissues, and primordial germ cells (42) . Targeted mutation of Dnmt3a causes postnatal lethality, whereas loss of Dnmt3b elicits embryonic lethality, which occurs earlier during embryonic development in Dnmt3a/Dnmt3b double-knockout (KO) mice (42) . While these studies strongly suggest that DNA methylation is important for vertebrate development, neither the key targets of DNA methylation nor the factors that target DNA methylation to specific developmental genes are known.
A component of chromatin that has recently been suggested to have a role in targeting DNA methylation to specific genomic sites is the linker histone H1 (7, 49) . H1 binds to nucleosome core particles and protects an additional ϳ20 bp of DNA (linker DNA) from nuclease digestion. The precise functions of H1 have proven difficult to define. In higher eukaryotes, H1 is nearly as abundant as nucleosome core particles, suggesting that H1 plays an important role in the structure of the chromatin fiber. In vitro studies indicate that two principal functions of linker histones are to stabilize the DNA entering and exiting the core particle and to facilitate the folding of nucleosome arrays into more compact structures (46, 59) . Combined with other studies showing that H1 reduces nucleosome sliding and access to transcription factors in vitro, this has led to the view that H1 globally represses transcription. However, elucidation of the biological role of H1 in mammals has been difficult owing to the existence of at least 11 distinct H1 subtypes in mice. While these subtypes differ in primary sequence and expression during development, it is likely that some of these subtypes also act redundantly, as mice carrying targeted mutations of one or even two copies of some subtypes have no obvious phenotypic defects (6) . In contrast, we found that KO of three histone H1 genes (H1c, H1d, and H1e) leads to a significant reduction in H1 level (ϳ50% of normal) and causes a broad range of developmental defects and embryonic lethality (7) . ES cells lacking functional copies of these three H1 genes have a global decrease in nucleosome spacing (by ϳ15 bp), reduced local chromatin compaction, and decreased levels of some core histone modifications (7) . These effects might have been expected to cause global changes in gene expression, but instead gene expression profiling showed that only 29 genes exhibited significantly altered expression in response to H1 depletion. The majority of the affected genes are upregulated in response to reduced H1 levels, consistent with them being direct targets of H1-mediated repression. While the precise mechanism responsible for repression is not known, H1 appears to act on some of its targets by promoting DNA methylation. The primary evidence for this is that depletion of H1 caused a decrease in DNA methylation at the H19/Igf2 and Gtl2/Dlk1 imprinting control regions and alterations in the expression of genes regulated by these control regions (7) . This suggested that a certain threshold of H1 is necessary to establish and/or maintain a subset of gene-specific DNA methylation patterns.
Here, we report a major target of H1-mediated repression: a newly discovered homeobox gene cluster on the mouse X chromosome. This reproductive homeobox (Rhox) gene cluster contains over 30 genes that are selectively expressed in postnatal and adult reproductive tissues (18, 31, 32, 38, 56) . The founding member of this complex, Pem (Rhox5), is also expressed in a cell type-and tissue-specific manner during embryonic development (14, 30, 58) . It is likely that Rhox5 has redundant roles with other Rhox genes during embryonic development, as targeted deletion of Rhox5 does not result in embryonic defects, but instead, male subfertility (31, 45) . Indeed, virtually all Rhox genes are expressed in extraembryonic tissues (31, 32, 38) , and most Rhox genes are also expressed in the embryo proper, including fetal germ cells (4, 21, 54, 55) . While the function of most Rhox genes remains to be determined, their expression patterns, coupled with the fact that they all possess a homeobox, suggest that they encode DNAbinding transcription factors that contribute to the formation of the early embryo, the generation and function of extraembryonic tissue, and different stages of gametogenesis. The wellcharacterized Hox homeobox genes also function in formation of the early embryo, but they are quite different from the Rhox homeobox genes in both sequence and evolutionary origin. Hox genes are arranged in relatively ancient gene clusters preserved in a wide range of eukaryotic species, whereas the Rhox gene cluster appears to have arisen relatively recently in mammals from an ancestral homeobox gene related to the single-copy Drosophila melanogaster aristaless gene (9, 31, 32, 35) . The Rhox genes are likely to have both conserved and species-specific roles in mammals, as human, mouse, and rat Rhox genes have similar, but not identical, patterns of gene expression in the early embryo and during gametogenesis (12, 31, 34, 57) .
Here, we demonstrate that most of the genes in the mouse Rhox gene cluster are repressed by an H1-dependent mechanism in mouse ES cells. Remarkably, the particular Rhox genes regulated by H1 are the ones that we find are also subject to paternal X chromosome (Xp) imprinting in the placenta (50) and uniparental ES cells. Conversely, the few Rhox genes not subject to H1-mediated transcriptional repression escape Xp imprinting. Using Rhox5 as an example to investigate the underlying regulatory mechanism, we demonstrate that H1 promotes site-specific methylation of a key regulatory region in Rhox5 and that this methylation event inhibits transcription from one of Rhox5's alternative promoters. We identify a single CpG within this regulatory region as being responsible and identify a positive-acting transcription factor whose binding to the Pd is prevented by methylation of this CpG. Finally, we provide evidence that H1 also regulates the other genes in the Rhox cluster by promoting their methylation. We propose that the Rhox gene cluster is a useful model system to understand how regulators of chromatin structure control gene expression and genomic imprinting.
MATERIALS AND METHODS
Mice and cell lines. Mus musculus molossinus mice were purchased from Jackson Laboratory. All animal experiments and maintenance were carried out according to NIH and AALAC guidelines at the M. D. Anderson Cancer Center vivarium. Testis and placental tissues were collected, and RNA was extracted from ES cell pellets by the Trizol method (Invitrogen, Carlsbad, CA) and converted to cDNA by using iScript reverse transcription (Bio-Rad, Hercules, CA). Full-length Rhox cDNA from Mus musculus molossinus mice was cloned into pGEM-T (Promega, Madison, WI) and sequenced to identify polymorphisms from our previously described Mus musculus musculus Rhox genes. Histone H1-depleted, Dnmt3A/B knockout, and uniparental ES cells were prepared as described previously (5, 7, 27) .
PCR and EMSA analyses. For quantitative reverse transcription (RT)-PCR (qPCR) analysis, total cellular RNA was extracted from ES cell pellets by the Trizol method (Invitrogen) and converted to cDNA by using iScript reverse transcription (Bio-Rad, Hercules, CA). Relative gene expression was determined by SYBR green incorporation in a Bio-Rad myCycler as described previously (31; data not shown). An electrophoretic mobility shift assay (EMSA) was performed as previously described using adult mouse testes extracts (1). A 32 P-endlabeled probe was generated by annealing two complementary oligonucleotides (see Fig. 2E lowed by incubation at 65°C for 4 h. The sample was then further incubated with proteinase K (100 g/ml) for 2 h at 45°C. DNA was purified by phenol chloroform extraction and resuspended in TE buffer. DNA was quantified by real-time PCR as described previously (52) . The primer sequences used for this assay are listed in Table 1 . Bisulfite sequencing and methylation analysis. Genomic DNA was extracted using the DNeasy tissue kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Two micrograms of genomic DNA was denatured in 0.4 N NaOH for 10 min in a 50-l volume and then deaminated by diluting it in 520 l buffer containing 4.5 M sodium bisulfite and 0.5 mM hydroquinone (pH 5.0) and incubating it at 50°C for 16 h in the dark with mineral oil on top. The bisulfitetreated DNA was purified using the Wizard DNA cleanup kit (Promega, Madison, WI), and the minimal Pd promoter was amplified using primers designed using the MethPrimer software indicated in Table 1 
a Bold font indicates variable nucleotides as shown in the last column; lowercase letters indicate mutated nucleotides.
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Inc., Madison, WI). Ligation products were transformed and plated on LB-Amp plates containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) and IPTG (isopropyl-␤-D-thiogalactopyranoside). White colonies were selected, and positive clones (determined by EcoRI digestion) were sequenced. Imprinting analysis. To examine parent-of-origin effects on differential expression of Rhox genes in placenta cells, Rhox genes were cloned and sequenced from Mus musculus molossinus placental and adult testis mRNA samples. Polymorphisms were identified in the coding sequence for every Rhox gene except Rhox2, which was identical in sequence in all paralogs examined. Paralog-specific polymorphisms were identified for Rhox3a, Rhox3c, Rhox3d, and Rhox4b that were clearly distinct from paralog-to-paralog sequence variations (32) . We detected no polymorphisms in the control genes, Sept6, Ndufa1, Lamp2, Mcts1, Hprt1, and G6pdx, used for our studies with H1-and Dmnt-KO ES cells. To examine extraembryonic imprinting, placental tissues derived from Mus musculus molossinus and Mus musculus musculus crosses were obtained from Jackson Laboratory (6 mice from each cross) and the RNA was purified as previously described (30) , converted to cDNA using Bio-Rad iScript RT kit, and amplified using specific primer pairs. RT-PCR products were subjected to direct sequencing using an Applied Biosystems 3730xl DNA sequencer, and colorimetric DNA sequence traces were examined for relative allele expression at the polymorphic positions. These analyses produced two outcomes: a single peak corresponding to the solely expressed polymorphic base pair or a mixture of two peaks corresponding to the presence of mRNA encoding both polymorphic base pairs. This method of analysis demonstrates the complete differential expression of the Rhox gene (or lack thereof) throughout the placental tissue without concerns for random selection of cDNA clones from a library that might be influenced by mRNA from cells of a maternal origin.
RESULTS
Site-specific demethylation and induction of the Rhox5 distal promoter in response to histone H1 depletion. We previously described the generation of mouse ES cells depleted of H1 as a result of homozygous deletion of the three most highly expressed H1 genes (H1c, H1d, and H1e) in male-derived ES cells (7) . Gene expression profiling of these triple H1 knockout (H1-TKO) ES cells revealed that the expression of a surprisingly small number of genes is affected. Among the 19 genes suggested by microarray analysis to be upregulated in level by 2-fold or more were two Rhox genes: Rhox5 and Rhox6 (7). Here, we verified this regulation, extended the regulation to other Rhox cluster genes, and elucidated the underlying mechanism. As a first step to examine the underlying mechanism for H1-mediated repression of Rhox gene expression, we chose to focus on Rhox5, as it is the only Rhox gene whose promoters have been defined in detail (1, 33) . Rhox5 has two promoters: a distal promoter (Pd) expressed during embryogenesis and in the adult ovary, and a proximal promoter (Pp) expressed in somatic cells in adult testes and epididymides (Fig. 1A) (1, 33) . Consistent with the expression of Pd, but not Pp, during mouse embryogenesis in vivo, quantitative RT-PCR (qPCR) analysis revealed that ES cells express Pd transcripts and almost no Pp transcripts (Fig. 1B) . Pd expression was strongly upregulated as a result of H1 depletion (Fig. 1B) . This effect of H1 is specific to the Pd, as Pp transcripts were not significantly upregulated in response to H1 depletion (Fig. 1B) .
We previously obtained evidence that one molecular mechanism by which H1 represses transcription is promoting DNA methylation. The primary evidence for this was the finding that depletion of H1 in ES cells led to hypomethylation of the imprinting control regions of the H19 and Gtl2 loci, as well as increased expression of resident genes within these loci (7) . As a first step to determine whether H1 also represses Rhox5 transcription in a DNA methylation-dependent manner, we examined the methylation status of the Rhox5 promoters by bisulfite/sequencing analysis. The minimal region of the Pd that we previously showed is required for expression in transfected cell lines (33, 48) has four CpGs (Fig. 1C) . We found that these four CpG sequences in the minimal Pd are hypermethylated in wild-type (WT) ES cells and that they become hypomethylated in H1-depleted ES cells (Fig. 1C) . To determine whether this is reversible, we stably transfected the H1-TKO ES cells with an expression construct encoding H1d, the last gene inactivated during the sequential gene targeting procedure used to produce the H1-TKO ES cells (7) . Several "H1 rescue" cell clones were obtained that had levels of H1D comparable to those of wild-type ES cells (B. J. Yang, B. J. Kim, and A. I. Skoultchi, unpublished data). Analysis of these cells showed that restoration of H1D levels also restored the Pd to a hypermethylated state (Fig. 1D) .
The DNA demethylation event triggered by H1 depletion is specifically targeted to the Pd minimal promoter, as neither the immediately adjacent CpGs, nor the CpGs in the minimal Pp that we previously defined in vivo (48) , are demethylated as a result of H1 depletion (Fig. 1C) . To address whether H1 acts directly to promote methylation of the Pp, we performed ChIP analysis. We found that H1 was present at high levels at the Pd in control ES cells but was at background levels at the Pd in H1-TKO cells, consistent with the notion that H1 directly promotes methylation of the Pd (Fig. 1E) . The level of H1 at the Pd was modestly higher than that at the ␤-actin and Gapdh loci (Fig. 1E) , which had an average magnitude of H1 occupancy, based on our analysis of ϳ30 gene loci (data not shown). H1 is recruited specifically to the Pd, as the Pp had undetectable levels of H1, even in control cells (Fig. 1E) . We conclude that H1 specifically promotes methylation and silencing of the Pd.
Methylation of a single cytosine in the Rhox5 distal promoter is sufficient to inhibit its transcription. To assess whether the methylation of the Pd has a causal role in inhibiting Pd transcription, we used a cassette methylation protocol in which the promoter of interest is in vitro methylated using SssI methylase, ligated with high efficiency into a reporter vector, and then transfected into cells to measure reporter activity (24) . Using this procedure, we showed that targeted methylation of the Pd abolished ϳ80% of its transcriptional activity in transfected ES cells (Fig. 1F) . These data, combined with the methylation pattern profile of H1-depleted and H1-restored ES cells (Fig. 1C and D) , strongly suggests that H1 has an essential role in a DNA methylation-dependent pathway that transcriptionally represses the Pd.
To determine which of the 4 CpGs in the Pd have a role in this repression mechanism, we first made single mutants at these 4 positions and then tested their transcriptional activities in the reporter vector (described above) in response to SssI versus mock treatment. Single mutants at three of the positions (Ϫ1653, Ϫ1669, and Ϫ1749 relative to the translation start site in exon 3 [Fig. 1A] ; each with the cytosine replaced by a randomly selected purine) exhibited strongly repressed expression in response to SssI treatment (to a similar magnitude as that for the wild-type construct, as tested in the 10T1/2 mesenchymal stem cell line [data not shown]). This indicated that these three cytosines are not involved in methylation-dependent repression of Rhox5 Pd transcription. Mutation of the one remaining cytosine-at Ϫ1644-led to strongly reduced luciferase activity of the reporter construct, precluding analysis of the effect of DNA methylation (we found strongly reduced reporter expression regardless of whether we mutated the Ϫ1644 C or the Ϫ1643 G to any of the alternative nucleotides; i.e., 6 independent mutations [data not shown]). As an alternative approach to test the functional role of the Ϫ1644 cytosine, we made a triple mutant that lacked the other 3 cytosines and thus had only the Ϫ1644 cytosine. This triple mutant exhibited reduced reporter activity in ES cells after being methylated in vitro; the reduction in reporter activity was comparable to that of the methylated wild-type construct (Fig. 1F) .
Thus, methylation of the Ϫ1644 cytosine is sufficient to strongly repress Pd transcription. DNA methylation of the ؊1644 cytosine in the Rhox5 distal promoter prevents the ETS factor GABP from activating Rhox5 transcription. The Ϫ1644 cytosine overlaps with the binding site for the ETS factor GABP, which we previously showed was essential for Pd transcription in tumor cells, 10T1/2 mesenchymal stem cells, and primary granulosa cells (33, 47) . This, along with the finding that H1-TKO ES cells exhibit reduced cytosine methylation at the Ϫ1644 position ( Fig. 1B) , led us to formulate a simple model in which H1 elicits transcriptional repression of the Pd by virtue of its ability to promote methylation of the Ϫ1644 cytosine, which in turn prevents recruitment of the Pd activator GABP. This model predicts that H1-depleted cells, which have a demethylated Pd, will have increased GABP occupancy at the Pd. Indeed, ChIP analysis revealed enrichment of GABP at the Pd in H1-TKO cells but not in control cells (Fig. 2A) . To address whether GABP promotes Pd transcription in ES cells, we examined the effect of dominant negative (DN) forms of GABP-␣ and GABP-␤ on Pd-driven reporter expression (GABP normally forms an active heterotetramer of two subunits). We found that DN-GABP-␣/␤ repressed Pd-driven luciferase expression in both H1-TKO and control ES cells (Fig. 2B and C) , indicating that GABP is a positive regulator of Pd transcription in ES cells. We then examined the effect of DN-GABP-␣/␤ on expression of the endogenous Pd. We found that DN-GABP-␣/␤ repressed endogenous Pd expression in H1-TKO cells but not in control ES cells (Fig. 2D) . The GABP-dependent expression of the Pd in H1-TKO cells is consistent with the fact that these cells harbor a hypomethylated GABP-binding site (Ϫ1644 position) (Fig. 1B) , which we found recruits GABP, as determined by ChIP analysis (Fig. 2B) . The GABP-independent expression of the Pd in control cells is consistent with the fact that these cells have a hypermethylated GABP-binding site (Fig. 1B) that does not detectably recruit GABP (Fig. 2A) . The inability of control ES cells to recruit GABP also explains why these cells expressed only basal levels of Pd-derived transcripts (ϳ3% as much as H1-TKO cells) (data not shown). Finally, we note that we found that the effect of DN-GABP-␣/␤ was specific, as it affected only Pd expression, not Pp expression (Fig.  2D) . We conclude that GABP is a positive activator of the Pd in ES cells when this promoter is in a competent (hypomethylated and H1-depleted) state. To directly test whether DNA methylation inhibits GABP recruitment, we performed EMSA analysis with an oligonucleotide containing the portion of the Pd harboring the GABPbinding site. We first verified our previous analysis (47) demonstrating that GABP binds to this Pd site. Using lysates from cells transfected with expression plasmids encoding the ␣ and ␤ GABP subunits, we found that the Pd oligonucleotide probe generated a single shifted band (Fig. 2E, lane 4) . Several lines of evidence indicated that this band contains GABP. First, it was not present when we used lysates from mock-transfected cells (Fig. 2E, lane 2) . Second, a band with an identical migration pattern was generated with an oligonucleotide probe harboring a consensus GABP-binding site (Fig. 2E, lane 3) . Third, this band was eliminated when the reaction mixture was incubated with wild-type cold competitor Pd probe (Fig. 2E , lanes 5 and 6), but was not eliminated when incubated with mutant cold competitor Pd probe (with the GABP site mutated) (Fig.  2E, lanes 7 and 8) . Fourth, the mutant Pd probe did not detectably generate the band (Fig. 2F, lane 2) . Finally, the intensity of this band was decreased by coincubation with a GABP-␣ antisera (Fig. 2F, lanes 5 and 6) . The only cytosine in a context to be methylated in this Pd oligonucleotide probe is in the core of the GABP-binding site (position Ϫ1644) (Fig.  2C) . To elucidate whether methylation of this Ϫ1644 cytosine interferes with GABP binding, we in vitro methylated it. We found that methylation of the Ϫ1644 cytosine prevented the Pd from binding to GABP (Fig. 2F, lane 3) , and it inhibited the ability of the Pd probe to compete with the nonmethylated Pd probe for GABP binding (Fig. 2E, lanes 9 and 10) . We conclude that methylation of the Ϫ1644 cytosine potently inhibits binding of GABP to the Pd, at least in vitro.
Selective repression of the Rhox homeobox gene cluster by histone H1. To determine whether other members of the Rhox gene cluster are regulated by H1, we compared the mRNA levels of other Rhox family members in wild-type and H1-TKO ES cells. Figure 3A shows a schematic diagram of the mouse Rhox gene cluster. This gene cluster contains single copies of nine genes (Rhox1 and Rhox5 to Rhox13) and several highly related copies (paralogs) of three genes (Rhox2, Rhox3, and Rhox4). For qPCR analysis we used primer pairs specific for each of the single-copy genes and primers possessing 100% complementarity with all members of the Rhox2, Rhox3, and Rhox4 paralog families. Figure 3B shows that most of the Rhox genes were upregulated in the H1-TKO ES cells. Our previous microarray analysis (7) did not identify these Rhox genes as being upregulated in H1-TKO ES cells because either they were not annotated in the microarray, did not have probes in the microarray, or were expressed at too low a level for accurate detection by microarray analysis. In addition to several of the single-copy Rhox genes, one or more members of the Rhox2 and Rhox4 paralog families were upregulated. Although distinguishing the mRNAs for most individual paralog family members was not possible because their sequences are almost identical (18, 31, 32, 38, 56) , we were able to design a specific primer set for Rhox4c (Ehox), which had previously been shown to be upregulated during ES differentiation (17) , and found that Rhox4c mRNA was upregulated in H1-TKO ES cells (data not shown). The only Rhox genes that are not upregulated in H1-TKO ES cells are Rhox3, Rhox7, Rhox8, and Rhox11.
To address the selectivity of H1-mediated repression, we examined genes adjacent to the Rhox gene cluster (Fig. 3A) . qPCR analysis showed that neither genes just upstream of the ␣ subcluster (Sept6 and Ndufa1) nor those just downstream of the ␥ subcluster (Lamp2 and Mcts1) had significantly altered expression in response to H1 depletion (Fig. 3C) . To further probes containing either a consensus GABP site or the GABP-binding region in the Pd. The indicated cold competitor probes were incubated with the extract and hot probe shown in lanes 5 to 10. The presence of the major shifted complex is indicated with an arrow. *, a nonspecific product. VOL. 31, 2011 IMPRINTING/REGULATION OF THE Rhox HOMEOBOX GENE CLUSTERevaluate selectivity, we examined expression of two genes distal to the Rhox gene cluster on the X chromosome-G6pdx and Hprt1-that are imprinted in bovine embryos (13, 44) . Neither of these genes, nor an autosomal control gene-Itgb1bp1-exhibited significantly altered expression in H1-TKO ES cells.
Collectively, our data indicate that H1-mediated repression is selectively directed toward genes in the Rhox gene cluster.
To determine whether activation of Rhox gene expression by H1 depletion is reversible, we examined Rhox gene expression in the H1 rescue clones described above. Analysis of these cells showed that restoration of H1D levels also fully restored repression of all the Rhox genes except Rhox10 (Fig. 3D shows the average values from several cell clones). Even though the Rhox10 mRNA level did not return to wild-type levels in the rescued clones, it was significantly reduced compared to that of H1-TKO cells. In striking contrast, Rhox genes whose expression was not upregulated by H1 depletion (Rhox3, Rhox7, Rhox8, and Rhox11) were not downregulated in the H1 rescue clones (Fig. 3D) . We conclude that the activation of Rhox gene expression triggered by H1 depletion is a highly specific and reversible event.
Histone H1-regulated Rhox genes are repressed by DNA methyltransferases and imprinted. If H1 generally mediates transcriptional repression by promoting DNA methylation, this predicts that all the Rhox genes regulated by H1 will also be regulated by DNA methylation. To test this prediction, we examined Rhox gene expression in Dnmt3a/Dnmt3b-null ES cells, which lack de novo methylation activity and have an ϳ50% reduction in global levels of DNA methylation (41, 42) . Strongly supporting the model, we found that loss of Dnmt3a and Dnmt3b upregulated all of the H1-regulated Rhox genes (many by 5-fold or more) (compare Fig. 3B with Fig. 4) . Conversely, the H1-independent Rhox genes (Rhox3, Rhox7, complementary with all members of a given paralog set (e.g., the Rhox2 primer pair recognizes Rhox2a to Rhox2g). Relative gene expression was normalized to ribosomal Rpl19 transcripts which we previously demonstrated to be nonvariant in ES cells, and WT levels were arbitrarily given a value of 1. Letters indicate statistically significant differences from the control (a, P Ͻ 0.001; b, P Ͻ 0.005; c, P Ͻ 0.01). Rhox8, and Rhox11) were not upregulated in the Dnmt-deficient cells. These results are consistent with the notion that H1 selectively represses the transcription of a large but specific subset of homeobox genes in the Rhox gene cluster by a mechanism involving DNA methylation. Our previous microarray analysis revealed that known imprinted genes are overrepresented in the small group of genes with altered expression in the H1-TKO ES cells (7) . This suggested the hypothesis that H1 preferentially targets imprinted genes. We therefore determined whether Rhox genes are subject to Xp imprinting, a form of genomic imprinting that selectively represses the paternal copy of X-linked genes in extraembryonic tissues (43) . To assess this, we determined the allele-specific expression pattern of Rhox genes in placenta cells from Mus musculus musculus/Mus musculus molossinus hybrid mice. To assay the expression of M. musculus molossinus Rhox genes, we cloned and sequenced cDNAs corresponding to each M. musculus molossinus Rhox gene so that we could generate species-specific primers for qPCR analysis. Sequence analysis revealed nucleotide differences in the M. musculus molossinus and M. musculus musculus versions of most of the Rhox genes, including single members of the Rhox3 and Rhox4 paralog groups (Rhox3b and Rhox4c, respectively). We also found sequence differences in the Rhox2 paralog group between these two species, but we were not able to determine whether these represented species-specific differences or different Rhox2 paralogs, so we excluded Rhox2 from our analysis. We also excluded Rhox7 and Rhox11, as they were not detectably expressed in placenta cells using four distinct primer sets for each gene (31; data not shown).
Using primers specific for the M. musculus molossinus and M. musculus musculus versions of the Rhox genes, we found that most of the Rhox genes displayed exclusive expression from the maternal allele, not the paternal allele (Fig. 5) . This was the case regardless of whether the maternal allele came from M. musculus molossinus or M. musculus musculus. The Rhox genes displaying this expression pattern (Rhox1, Rhox4b, Rhox5, Rhox6, Rhox9, Rhox10, and Rhox12) were precisely the same Rhox genes regulated by DNMT3a/3b and H1 in ES cells (Fig. 3B and Fig. 4) . The only Rhox genes not preferentially expressed from the maternal allele in placenta cells, Rhox3b and Rhox8, were approximately equally expressed from the maternal and paternal alleles (Fig. 1) . These two genes were also exempt from regulation by DNMTs (Fig. 4) and histone H1 (Fig. 3B) . These results indicate that H1-mediated repression is specifically directed at imprinted Rhox genes.
As another model system to examine monoallelic expression, we used uniparental ES cell lines that have either paternal or maternal chromosomes. We found that the Rhox genes subject to Xp imprinting had a higher level of expression (2.5-to ϳ20-fold) in ES cells containing two sets of maternal chromosomes (from gynogenetic [GG] or parthenogenetic [PG] embryos) than in ES cells containing two sets of paternal chromosomes (from androgenetic [AG] embryos) (Fig. 6A) . In contrast, the Rhox genes refractory to Xp imprinting in placenta cells did not exhibit significantly higher expression in the GG/PG-derived ES cells compared to that in the AG-derived ES cells (Fig. 6A) . This result was confirmed by microarray analysis of uniparental ES clones, which showed that Rhox2a, Rhox4e, Rhox5, Rhox6, and Rhox9 were upregulated in the maternally derived (GG/PG) cell clones relative to the paternally derived (AG) cell clones (3-to 20-fold, varying by both gene and cell clone), whereas Rhox3a and Rhox11 exhibited similar expression in both maternally and paternally derived cell clones (data not shown). Thus, we observed a perfect concordance between parent-specific expression pattern of Rhox genes in uniparental ES and placenta cells in vivo. As a control, we tested other X-linked genes and found that many, but not all, displayed higher expression in maternal chromosome-than paternal chromosome-containing ES cells (Fig.  6B) . Figure 7 summarizes the expression pattern of the Rhox gene cluster, as determined in this paper. What is evident from inspection of this figure is that one can divide the Rhox genes into two distinct categories: (i) those repressed by histone H1 and DNA methylation and displaying allele-specific expression and (ii) those not repressed by histone H1 and DNA methylation and not displaying allele-specific expression.
DISCUSSION
In this paper, we demonstrate that the Rhox homeobox gene cluster is a major target of H1-mediated repression in ES cells. Most of the single-copy Rhox genes and two of the three multiple-copy Rhox gene paralogs-which together represent 21 genes (Fig. 4A )-are upregulated in ES cells stably depleted of H1 to ϳ50% of wild-type levels (Fig. 4B) . Thus, our study clearly demonstrates that the genes in the Rhox cluster are particularly dependent on H1 for transcriptional repression; i.e., only a modest reduction in H1 level elicits their release from transcriptional silencing. The finding that H1 acts in a highly targeted manner to transcriptionally silence genes in mouse ES cells is consistent with the action of H1 in other organisms. For example, elimination of the linker histone in Tetrahymena protozoa in vivo leads to altered expression of only a small subset of polymerase II (Pol II)-derived transcripts and does not affect the steady-state levels of RNA Pol I-and III-derived transcripts (52) . In Saccharomyces cerevisiae, deletion of the linker histone elicits a modest reduction in transcript levels (ϳ2-fold) from only a very small fraction of genes (15) . Finally, Xenopus laevis embryos depleted of H1 have a specific defect in 5S rRNA gene expression rather than global changes in gene expression (3, 20) . Together, these results indicate more specific roles for H1 in regulating gene transcription than was suggested by earlier in vitro studies (see the introduction).
Our paper provides several lines of evidence that H1 represses Rhox gene cluster expression through a DNA methylation-dependent mechanism. First, we show that the Rhox5 promoter expressed in ES cells-the Pd-is both demethylated and transcriptionally induced upon H1 depletion (Fig. 1A and  B ). This is a localized demethylation event, as it does not occur at the alternative Rhox5 promoter, the Pp, which remains inactive in ES cells even when H1 is depleted (Fig. 1A) . Second, we found that Pd expression is also upregulated in Dnmt3a/ Dnmt3b-null ES cells (Fig. 5) . Together with the first line of evidence, this indicates that H1 promotes Pd methylation and that, in turn, methylation of the Pd has a causal role in transcriptionally silencing Rhox5. Third, we showed using a cassette methylation procedure that DNA methylation directly re-VOL. 31, 2011 IMPRINTING/REGULATION OF THE Rhox HOMEOBOX GENE CLUSTER 1283
presses Pd transcription (Fig. 1F) . Finally, we used mutational analysis coupled with the cassette methylation procedure to demonstrate that a single CpG in the Pd is responsible for the DNA methylation-dependent silencing of the Rhox5 gene. These data extend that of previous studies which suggested that Rhox5 is regulated by DNA methylation (19, 29, 40, 51) . These studies all showed that blockade or elimination of DNMTs upregulates Rhox5 in certain cell types, but unlike the study herein, these previous studies did not address whether DNA methylation directly regulates Rhox5 transcription. Our paper also demonstrates which of Rhox5's two alternative promoters are targeted for repression by DNA methylation, and it identifies for the first time the specific CpGs involved. In particular, we identified a CpG within the binding site for GABP, a factor essential for Rhox5 Pd transcription (Fig. 1E) . Indeed, we provided evidence that methylation of this site inhibits Pd transcription by inhibiting GABP recruitment (Fig. 2) . We propose that H1 also represses other genes in the Rhox cluster in ES cells through a mechanism involving DNA methylation. While there is no direct evidence for this model (i.e., the involvement of GABP at other Rhox promoters has not been examined), it is supported by our finding that all H1-regulated Rhox genes are subject to DNA methylation control, whereas all Rhox genes immune to H1 regulation are immune to regulation by DNA methylation (based on studies of Dnmt3a/ Dnmt3b-null ES cells) ( Fig. 5 and 7) . It is also supported by the FIG. 5. H1-regulated Rhox cluster genes are paternally imprinted in placenta cells. To examine parent-of-origin effects on Rhox gene expression in placenta cells, Mus musculus molossinus and Mus musculus musculus mice were crossed and the relative expression of maternally and paternally specific polymorphic alleles was determined by direct cDNA sequencing of RT-PCR products from placental tissue (n ϭ 6 for each cross). The expressions of Rhox7 and Rhox11 were not examined because they are not significantly expressed in placenta cells (31 evidence from other laboratories that some Rhox cluster genes are subject to DNA methylation control in cell types other than ES cells (10, 29, 40) . Crucial questions for the future revolve around determining what mechanisms control the specificity of H1-mediated repression. For example, what is the molecular mechanism by which H1 promotes the methylation of specific CpGs within a select set of genes within ES cells? Since H1 is present at a very large number of loci throughout the genome, it is not clear how it would lead to recruitment of repressive transcriptional complexes to specific loci. One possibility is that H1 forms complexes with sequence-specific DNA binding proteins and other proteins (25, 39) . Thus, these interactions might target DNMTs to specific H1-containing loci in chromatin. A possible contributing factor is that targets of H1 are marked by inhibitory isoforms of H3 and H4 that are ultimately displaced by H1 (11) . Another question is: how general is the ability of H1 to promote DNA methylation-dependent transcriptional repression? One possibility is that H1 is responsible for promoting the methylation and transcriptional repression of only a select set of genes in ES, including most Rhox cluster genes, but excluding most other genes transcriptionally repressed by DNA methylation in ES cells. In support of this, we identified several genes regulated by DNMTs whose expression is not affected by depletion of H1, including one gene just upstream of the Rhox gene cluster (Sept6), two downstream genes (Lamp2 and Mcts1), and one X-linked gene distant from the Rhox gene cluster (Hprt1) with known parent-of-origin effects ( Fig. 4A and B) (13) . An alternative possibility is that H1 actually has widespread repressive effects on gene expression in ES cells even though we observed only selective gene regulatory effects in H1-TKO cells. H1 protein levels are reduced to only ϳ50% of the normal level in H1-TKO cells, and thus it is possible that a more dramatic reduction in H1 levels will impact a greater number of genes, including some or all of those repressed by DNA methylation in ES cells. While this is an attractive idea, it is technically difficult to address since there are several other H1 genes besides the three we targeted for mutation and because a further reduction in H1 levels could have broad pleiotropic and toxic effects in ES cells. Indeed, it is clear that even a 50% reduction in the level of H1 has profound effects, as it causes severe biological defects in mice in vivo (8) and elicits dramatic genome-wide alterations in chromatin structure in ES cells (7) .
An unexpected finding of our study was the discovery that most Rhox cluster genes exhibit paternal allele-specific repression in both placenta and ES cells (Fig. 5 and 6 ). While the placenta and other extraembryonic tissues are known to specifically repress the paternal copy of X-linked genes (36, 53) , ES cells are derived from the epiblast and thus would not necessarily be expected to transcriptionally repress paternal copies of X-linked genes (5). It will be interesting to determine whether other genes on the X chromosome display this unusual form of Xp imprinting. Another surprising outcome of our study was the discovery that the particular members of the Rhox gene cluster that undergo Xp imprinting are also subject to H1-and DNA methylation-dependent transcriptional silencing (Fig. 6 ). As described above, the finding that most Rhox genes are transcriptionally silent on the Xp conforms to the FIG. 7. H1-regulated genes are selectively subject to regulation by DNA methylation and imprinting control. The chart summarizes data from Fig. 1 to 6 . The top two panels depict the relative derepression of each gene in response to depletion of H1 (H1 TKO) (Fig. 3) or loss of Dnmt3a/3b (DNMT3 KO) (Fig. 4) . The bottom two panels depict differential expression between the paternal and maternal alleles in placenta cells (Fig. 5) and uniparental ES cells (Fig. 6) . nd, not determined; ne, not expressed. VOL. 31, 2011 IMPRINTING/REGULATION OF THE Rhox HOMEOBOX GENE CLUSTER 1285 rule established in the 1970s that the Xp is preferentially inactivated in mouse extraembryonic tissue (36, 53) . What is surprising is that some Rhox genes escape this form of imprinting and that these specific Rhox genes are the ones that also escape regulation by H1 and DNA methylation (Fig. 7) . The "escapers" were not confined to a particular region of the Rhox cluster, leading to the question of how this "checkerboard" pattern of expression within the Rhox cluster is achieved. Experiments addressing this issue may lead to a better understanding of how local versus global gene repression is achieved; i.e., how gene-specific regulation occurs in the context of broader regulation exerted on an entire gene cluster. Of note, X-chromosome inactivation is known to not be absolute in the mouse placenta, with ϳ15% of X-linked genes escaping Xp imprinting (26) . While it is clear that Xp imprinting serves as a means to impart dosage compensation, it is not known how or why it occurs preferentially on the paternal allele and why some Rhox genes escape this form of imprinting. One possible function for Xp imprinting is that it reduces the frequency of mutations, as the paternal genome undergoes many more mitotic divisions during spermatogenesis than does the maternal genome during oogenesis (22) . Another non-mutually exclusive function for Xp imprinting is that it reduces the risk of immune rejection of the placenta because it prevents the expression of paternal alleles of X-linked genes, many of which could encode immunogenic proteins (22) . Our finding that the paternal copy of Rhox5 is silent in placenta cells (Fig. 6 ) is intriguing in light of the finding that the paternal copy of Rhox5 is preferentially expressed in the early embryo (23) . Whether Rhox5 is differentially imprinted in different cell lineages, as appears to be the case for the Grb10 gene (60), or whether it instead undergoes an "imprint switch" as cells differentiate remains to be determined. While we showed a strong linkage between H1-mediated regulation and Xp imprinting, it remains for future studies to determine whether these two events have a cause-and-effect relationship. We believe this is likely, as genomic imprinting is known to be mediated by DNA methylation (2), which we show herein is, in turn, promoted by H1 (Fig. 1) . If indeed H1 is involved in Xp imprinting, this will have broad implications, as this form of imprinting occurs in extraembryonic tissues of several mammals and in all tissues of marsupials (16) .
